INTRODUCTION
This report was prepared by the U.S. Geological Survey as part of the Gulf Coast Regional Aquifer-System Analysis (GC RASA) program. The GC RASA study area covers about 230,000 mi2 onshore in Louisiana and parts of Alabama, Arkansas, Florida, Illinois, Kentucky, Mississippi, Missouri, Tennessee, and Texas. About 60,000 mi2 offshore on the continental shelf also are included, because the aquifers extend beyond the coast line beneath the Gulf of Mexico. The study is limited to the Coastal Plain sediments of Tertiary and younger age, except for an area in the Mississippi embayment where Upper Cretaceous sediments supply ground water in parts of several States. The objectives of the GC RASA study are to define the geohydrologic framework, to describe the chemistry of the ground water, and to analyze the regional ground-water flow system (Grubb, 1984) .
Background Information
Information interpreted or compiled for the aquifers in Tertiary sediments in western Tennessee as a part of the GC RASA study included: (1) geophysical-log correlations of the stratigraphic and geohydrologic units, (2) thicknesses of sand and clay beds in the geohydrologic units, (3) maps of the water-table and potentiometric surfaces in the aquifers, (4) data showing long-term water-level changes, (5) historic pumpage from the aquifers, (6) hydraulic characteristics of the aquifers, (7) water-quality data, and (8) locations of pumping centers. Much of this information was interpreted or compiled from existing geophysical logs, water-level data, pumpage inventories, aquifer-test records, and water-quality analyses. New data collected for GC RASA included: (1) water-quality data from about 40 wells, (2) water-level measurements in about 70 wells, (3) location of currently used public and industrial water-supply wells, and (4) field verification of the locations of wells for which important historic data are available.
Purpose and Scope
This report summarizes and interprets the information and data collected on the geology and ground-water resources of the Memphis Sand in western Tennessee as part of the larger GC RASA investigation. Similar reports were prepared for the Cockfield Formation and the Fort Pillow Sand (Parks and Carmichael, 1990;  and in press, a). Reports also were prepared to show the altitude of the potentiometric surfaces in the Memphis and Fort Pillow aquifers for the fall of 1985 and to describe historic water-level changes in these aquifers (Parks and Carmichael, in press, b, c) .
GEOLOGY
The Memphis Sand (Moore and Brown, 1969) of the Claiborne Group of Tertiary age underlies approximately 7,400 mi2 in the Gulf Coastal Plain of western Tennessee ( fig. 1) . The formation crops out in a broad belt across westernTennessee, but it is covered at most places by fluvial deposits of Tertiary(?) and Quaternary age and loess and alluvium of Quaternary age. Consequently, exposures are uncommon, except along the eastern part of the outcrop belt. PostCretaceous geologic units in western Tennessee and their hydrologic significance are given in table 1.
Stratigraphy
The sequence of strata approximately equivalent to the Memphis Sand was referred to as the "500-foot" sand in many early reports, particularly those for the Memphis area (Klaer, 1940; Kazmann, 1944; Criner and Armstrong, 1958; Criner and others, 1964; Nyman, 1965; Bell and Nyman, 1968) . The informal name "500-foot" sand originated at Memphis where wells tapping the Memphis Sand had an "average" depth of about 500 feet. The top of the "500-foot" sand is a hydrologic boundary rather than a stratigraphic boundary. On well logs this top, where distinct, was at a clay-sand contact between the upper confining layer and the aquifer or, where indistinct, arbitrarily in the middle of a gradational sequence of predominantly clay in the upper confining layer and predominantly sand in the aquifer (Criner and others, 1964, p. 016) . In a report on the geology and the hydrology of the Claiborne Group in western Tennessee, Moore (1965) provided regional-scale maps of the "500-foot" sand. Hosman and others (1968) , in a report on the Tertiary aquifers in the Mississippi embayment, assigned the sequence of strata equivalent to the "500-foot" sand to the Memphis aquifer. Moore and Brown (1969) formally named the "Memphis Sand" in their study of the stratigraphy of the Fort Pillow test well in Lauderdale County, Tenn. The Memphis Sand, as defined, includes strata in the upper part that Moore (1965) excluded from the "500-foot" sand north of the Memphis area and included in the "unnamed clay unit" or the "unnamed sand unit."
The eastern boundary of the Memphis Sand was mapped by Parks and Russell (1975) as the contact between the Wilcox Formation and the Claiborne Formation. The Wilcox and Claiborne were mapped as formations because of the uncertainty of the equivalence of the strata cropping out with the units that make up the Wilcox and Claiborne Groups in the subsurface, as subdivided by Moore and Brown (1969) . The western boundary of the outcrop belt is not well established because the contact between the Memphis Sand and the overlying Cook Mountain Formation is covered at most places by fluvial deposits, loess, or alluvium.
The Memphis Sand includes strata equivalent to, in ascending order, the Tallahatta Formation, Winona Sand, Zilpha Clay, and Sparta Sand of Mississippi and the Carrizo Sand, Cane River Formation, and Sparta Sand of Arkansas. The Memphis Sand is underlain by the Flour Island Formation of the Wilcox Group, and is overlain by the Cook Mountain Formation of the Claiborne Group (table 1) .
Lithology and Thickness
The Memphis Sand consists of a thick body of sand that includes subordinate lenses or beds of clay and silt at various horizons. The clay and silt locally are carbonaceous and lignitic; thin lenses of lignite also occur locally. Thick beds of clay and silt in the upper part of the Memphis Sand in some places can be confused with the overlying Cook Mountain Formation. In Lake County, the upper one-quarter of the Memphis Sand primarily consists of clay and silt. The geophysical logs of deep test holes and wells drilled in Shelby, Lauderdale, and Obion Counties show a clay bed at the approximate stratigraphic horizon of the Zilpha Clay of Mississippi, but well control is too sparse to correlate this clay bed as a continuous unit. In the central part of the Memphis area, a persistent clay bed occurs in the lower part of the Memphis Sand (Criner and others, 1964, p. 011) .
Sand in the Memphis Sand ranges from very fine tovery coarse, but it commonly is locally fine, fine to medium, or medium to coarse. In Shelby and Tipton Counties, the coarsest sand commonly is in the upper one-third of the Memphis Sand; to the north, in Lauderdale, Dyer, Lake and Obion Counties, the coarsest sand commonly is in the lower two-thirds.
The generalized thickness of the Memphis Sand is shown in figure 2. The thickness contours are based on data from wells that penetrated the entire thickness of the unit and locally may not indicate the effects of faults or other subsurface features.
The Memphis Sand ranges from 0 to about 900 feet in thickness, and where the original thickness is preserved, it is about 400 to 900 feet thick. The formation is thinnest along the eastern limits of the outcrop belt in Hardernan, Madison, Carroll, and Henry Counties and is thickest in southwestern Shelby County. SO ft/mi, and it is faulted at many places (plates 1 and 2). Identification and location of faults that displace the Tertiary formations are difficult because they are covered at most places by Quaternary surficial deposits and subsurface information is sparse. A study of the likelihood of post-Cretaceous faulting in the northern Mississippi embayment, including western Tennessee, has shown that faults that displace the Cretaceous and Tertiary formations probably are relatively common (Stearns and Zurawski, 1976 (Parks and others, 1985) .
Faults identified during this investigation that displace the base of the Memphis Sand, are shown in figure 3 . Most of these faults are based on an interpretation of the geologic structure using correlations of geophysical logs of wells. Faults in Lake County, however, are based partly on the interpretation of seismic reflection profiles by Zoback (1979) and Hamilton and Zoback (1982) . The geophysical log correlations are highly interpretive, but are supported by paleontological evidence from the Fort Pillow test well in Lauderdale County, Tenn. (Moore and Brown, 1969) , and the New Madrid test wells in New Madrid County, MO. (Frederiksen and others, 1982) .
HYDROLOGY
The Memphis Sand yields water to wells in most of the area of occurrence in western Tennessee and, where saturated, makes up the Memphis aquifer. In the larger, multistate GC RASA investigation, the Memphis aquifer is included in the lower Claiborne-upper Wilcox aquifer and middle Claiborne aquifer for purposes of studying the regional aspects of the ground-water system (Grubb, 1986) . Recharge and Potentiometric Surface Recharge to the Memphis aquifer generally occurs along the broad outcrop belt across western Tennessee (fig. 3) . Recharge is from precipitation on the outcrop and from downward infiltration of water from the overlying fluvial deposits and alluvium. Along this outcroprecharge belt, where the Memphis aquifer is under water-table conditions (unconfined), the configuration of the potentiometric surface ( fig. 3) , whether in the Memphis aquifer or in the overlying fluvial deposits and alluvium, is complex. Except at seeps and springs, the water table is below the land surface, but generally conforms to the topography. In areas of some relief, perched water tables above lenses or beds of clay or silt add to the complexity of the potentiometric surface. In the outcrop-recharge belt, water moves westward down the dip of the Memphis aquifer and also toward the major streams that drain the area. Part of the water that flows toward the major streams passes through the alluvium, discharges along the channels, and sustains base flows.
In the subsurface to the west of the outcrop-recharge belt, where the Memphis aquifer is confined (artesian), the potentiometric surface gently slopes westward ( fig. 3) , and water moves slowly in that direction. The major cone of depression in the potentiometric surface in the Memphis area is the result of long-term (1886present) pumping at municipal and industrial well fields.
Where confined and head differences are favorable, a component of recharge locally may enter the Memphis aquifer by downward leakage of water from the water- has been induced by intense pumping from the Memphis aquifer, as at Memphis (Graham and Parks, 1986) . Conditions for downward leakage also are favorable where the Cook Mountain confining unit has been displaced by faults, leaving the Cockfield and Memphis aquifers in direct hydraulic connection (Parks and others, 1985) .
The Flour Island Formation is the lower confining unit for the Memphis aquifer, separating it from the deeper Fort Pillow aquifer. The Flour Island Formation is a relatively thick and widespread confining unit in most of western Tennessee, except in and just downdip from the outcrop-recharge belt where the Flour Island Formation locally is absent and the Memphis Sand directly overlies the Fort Pillow Sand. At these places, the Memphis and the Fort Pillow aquifers have common recharge areas. In the downdip western tier of counties, the Flour Island Formation locally is displaced by faults, leaving the Memphis and Fort Pillow aquifers in direct hydraulic connection, as in Lake County (plate 2). At these places, conditions are favorable for vertical interchange of water between these two aquifers.
Historic Water-Level Changes Historic water-level changes in the Memphis aquifer are evident from long-term records of water levels in observation wells. Hydrographs for five observation wells are shown in figures 4-8; their locations are shown in figure 3. Well Dy:H-7, in Dyer County, is near municipal and industrial well fields at Dyersburg, and the water level in this well is affected by nearby pumping. Part of the hydrograph (1954-57) for well Dy:H-7, which shows extreme fluctuations of the monthly low water level caused by pumping of nearby wells, was not used in determining the water-level trend at Dyersburg. The water level in well Dy:H-7 has declined about 6.5 feet in 25 years , an average rate of about 0.3 ftlyr (fig. 4 ).
Well Ld:F-4, in Lauderdale County, is in a remote area where water levels are not significantly affected by pumping in the Memphis area or in nearby municipal or industrial well fields. The hydrograph shows a definite correlationwith large changes in stage of the Mississippi River, 2.5 miles away. The water-level changes, most evident during long periods of sustained high stage on the Mississippi River and backwater flooding of parts of the Mississippi Alluvial Plain, are attributed to a loading effect (Parks and others, 1985 ). The monthly low water level in well Ld:F-4 has declined about 1.5 feet in 17 years , an average rate of about 0.1 ft/yr ( fig. 5 ).
Key observation wells in the Memphis area show the long-term effects of pumping on water levels in the Memphis aquifer. Well Fa:R-2, in northwestern Fayette County, is the farthest of these wells from the center of the major cone of depression in the potentiometric surface at Memphis (fig. 3) . The water level in well Fa:R-2 has declined about 2 feet in 34 years , an average rate of less than 0.1 ft/yr ( fig. 6 ). Well Sh:Q-1, in eastern Shelby County, is at an intermediate distance from well Fa:R-2 and the center of the major cone of depression. The water level in well Sh:Q-1 has declined about 29 feet in 43 years , an average rate of about 0.7 ft/yr ( fig. 7 ). Well Sh:P-76, at Memphis, is near the center of the major cone of depression. The water level in well Sh:P-76 has declined about 74 feet in 55 years , an average rate of about 1.3 ft/yr ( fig. 8) . The rate of decline in well Sh:P-76 is the best record of the long-term waterlevel decline caused by total pumping from the Memphis aquifer at Memphis. ZE 20 1930 ZE 20 1935 ZE 20 1940 ZE 20 1945 ZE 20 1950 ZE 20 1955 ZE 20 1960 ZE 20 1965 ZE 20 1970 ZE 20 1975 ZE 20 1960 ZE 20 1965 Figure 4. --Water levels in observation well Dy:H-7. 
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type (table 2) Fayette, Hardeman, Henry, and Madison Counties--to the downdip western tier of counties--Dyer, Lake, Lauderdale, Obion, Shelby, and Tipton Counties (table 2) . Iron concentrations and hardness commonly increase from the outcrop-recharge area to the western tier of counties. Temperature of the water increases with increasing well depth from the outcroprecharge area to the western tier of counties. Water-quality variations in the Memphis aquifer are discussed and distributions of iron, hardness, pH, and temperature are illustrated in the report by Moore (1965, p. F32, fig. 10 ).
Trace constituents in the water from the Memphis aquifer include arsenic, barium, cadmium, chromium, copper, lead, mercury, strontium, and zinc (table 3). Most of these constituents are present in very small concentrations, and all are below the maximum concentrations recommended by the U.S. Environmental Protection Agency (1986a,b) for drinking-water supplies.
Aquifer Characteristics
Many aquifer tests were made using wells in the Memphis aquifer in the Memphis area and other areas of western Tennessee during the period 1949-62. Although many of these tests 'More than one geophysical log may be available for each well field; number in parentheses Indicates the maximum depth, in feet, logged by either electric or gamma-ray methods, 2County-Wrde Utility District has well fields in both Crockett and Dyer Counties with wells in both the Cockfield aquifer and the Memphis aquifer; name and number (in parenthesis) indicate well field as designated by the Utility Drstrict.
kthdrawal
shown is from the Memphis aquifer, part of supply is from the Cockfield aquifer.
4Jackson Utility District has north and south well fields. Wells in the south field pump from the Fort Pillow aquifer; the north field is in an area where the Memphis Sand directly overlies the Fort Pillow Sand, and the wells may be in either the lower part of the Memphis aquifer or upper part of the Fort Pillow aquifer. For this report, water pumped at the north field is considered to be from the Memphis aquifer.
'Withdrawal shown is from the Memphis aquifer; part of supply is from the Fort Pillow aquifer.
Water from the Memphis aquifer generally is a calcium bicarbonate type, but locally it is a sodium bicarbonate or mixed type. It contains low concentrations of most major constituents and generally is suitable for most uses. Dissolved-solids concentrations range from 19 to 333 mg/L, hardness ranges from soft (5 mg/L as CaC03) to very hard (306 mg/L), and iron concentrations range from 0 to 22,630 kg/L. Temperature of the water ranges from 15.0 to 19.5 'C. Water quality in the Memphis aquifer varies areally in western Tennessee. In general, mineralization of the water increases westward from the outcrop-recharge area to the downdip western tier of counties along the Mississippi River.
The results of 60 aquifer tests in the Memphis area indicated that transmissivities ranged from about 6,700 to 53,500 ft2/d, but most ranged from about 20,000 to 42,800 ft2/d. Storage coefficients from these tests ranged from 0.0001 to 0.003. The results of 16 tests outside the Memphis area indicated that transmissivities ranged from about 2,700 to 29,400 ft2/d, and storage coefficients ranged from 0.0001 to 0.0006.
The Memphis aquifer provides moderate to large quantities of water for many public and industrial supplies in western Tennessee. Withdrawals for these supplies in 1983 averaged about 227 Mgal/d, ofwhich 183 Mgal/d was in the Memphis area. Public and industrial supply wells range from 80 to 922 feet deep, and well yields range from 10 to 2,300 gal/min. This aquifer also provides small quantities of water to numerous domestic and farm wells. The Memphis aquifer has much potential for future use, particularly at places outside the Memphis area.
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